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We study the anisotropic Bianchi I and Bianchi IT models in vacuum in the framework of deformed
commutation relations. Working in a parametrization of the spatial metric by a volume and two anisotropy
variables, we propose modified Poisson brackets that for the volume alone reproduce the bounce dynamics
of effective loop quantum cosmology, with additional modifications for anisotropy degrees of freedom. We
derive effective Friedmann equations and observe cosmological bounces in both Bianchi I and Bianchi II.
For Bianchi II, we find that the cosmological bounce now interacts with the usual reflection seen in the
Kasner indices in various interesting ways, in close similarity again with what had been seen in loop
quantum cosmology. This suggests that the deformed commutation relation framework could model more
general quantum-gravity-inspired bounce scenarios in a relatively straightforward way.
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I. INTRODUCTION

One of the main problems of classical general relativity
is the prediction of spacetime singularities, points in
spacetime where curvature scalars diverge and FEinstein’s
field equations cease to be predictive [1,2]. Significant
efforts in modern physics are oriented toward understand-
ing how to remove such singularities, and, due to the high-
energy regimes reached close to them, it is often expected
that this requires a quantum theory of gravity.

The precise mechanism by which singularities might be
resolved then depends on the theory and the assumptions
made to obtain a manageable model. One particularly
popular approach is loop quantum cosmology (LQC)
[3,4], in which spatially homogeneous spacetimes are
quantized using methods of loop quantum gravity (LQG)
[5,6]. A generic result in LQC is the replacement of
cosmological singularities by a big bounce, thereby extend-
ing the dynamics beyond what would classically be the end
point of the evolution. Models of LQC are not derived
directly from LQG but rather arise from a looplike
quantization of only a few degrees of freedom obtained
after classical symmetry reduction. If the same model is
written in a different but classically equivalent form before
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quantization, a different quantum theory can be obtained
[7.8]. The connection of such models to the full theory,
therefore, remains unclear (for various attempts to
strengthen this connection in LQG and related approaches,
see [9-11]). A summary of these and various other
criticisms can be found in [12].

Rather than working in a particular approach to quantum
gravity, one can also start with a phenomenological setting
in which modifications expected from quantum gravity,
such as the introduction of a minimal length scale, are
incorporated directly into the Hamiltonian description of
various systems [13]. One way in which this can be done is
via deformed commutation relations (DCRs), a famous
example of which is the generalized uncertainty principle
representation in its original formulation by Kempf,
Mangano, and Mann (KMM) [14], later expanded by
others [15,16]. Through the addition of a higher-order
momentum term in the standard commutation relations, the
KMM formulation yields a correction to the Heisenberg
uncertainty relations that implies an absolute minimal
uncertainty on position. The same correction appears in
relativistic string theory [17,18], where the minimal uncer-
tainty is interpreted as a reminder that it is not possible
to probe scales smaller than the size of the string itself.
The KMM algebra, therefore, implements the concept of a
minimal length. This deformation was later generalized to
other forms (see, for example, [15,19]) that introduce other
effects expected such as energy cutoffs. Some forms, in
particular, have been shown to reproduce in a straightfor-
ward way the effective dynamics of other theories and
models, such as isotropic LQC, brane cosmology, or the
emergent universe scenario [19-21].
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Here, we consider the deformation of the anisotropic
vacuum Bianchi I and II models described in terms of
Misner-like variables. We will deform the isotropic bulk
variable, i.e., the comoving volume v, separately from the
anisotropy variables f, . In particular, the volume will be
deformed with what we call the cutoff algebra, which has
been shown to reproduce the bounce of effective LQC
[19,20]. The anisotropies will be deformed in a similar way,
but, due to the Misner-like description of the Bianchi
models and through the imposition of the Jacobi identities
for consistency [22,23], they will form a two-dimensional
space with naturally arising noncommutativity. In analogy
with previous works using similar techniques (e.g.,
[21,23]), we will be working in a semiclassical limit in
which the modified commutators are replaced by effective
modified classical Poisson brackets. Such an approach is
expected to be justified for semiclassical states that remain
peaked around a classical trajectory, where -effective
classical dynamics provide an excellent approximation to
the quantum theory, as is the case for effective LQC [24].
One might argue that, in the particular application to
cosmology, only very semiclassical states are of physical
interest. The deformations considered can then still include
a variety of expected quantum gravity effects such as
spacetime discreteness, noncommutativity, or minimal
length effects.

The main results of this paper are the derivation of a
modified Friedmann equation similar to isotropic LQC and
the replacement of the classical singularity with a bounce
also in the anisotropic case (although this had already been
hinted at previously [20]), the interpretation of such a
bounce as a new type of Kasner transition, and the presence
of different sequences of Kasner transitions and bounces in
the Bianchi II model depending on initial conditions. These
last two results, in particular, were also obtained within the
context of LQC [25], suggesting that these are more general
features of quantum bounce cosmologies. Furthermore,
throughout the paper, we will give brief insights on the use
of the anisotropy variables S, as relational time; these
variables behave similarly to free massless scalar fields and
are, hence, globally monotonic. The volume as a function
of one of these variables is then a gauge-invariant observ-
able, whose evolution can be studied meaningfully in
analogy with LQC, LQG, and similar approaches. In this
context, we find that the deformation introduced for
anisotropy variables acts as a global rescaling of the
dynamics, meaning that this kind of quantum correction
can also be relevant at late times and low energies.

This manuscript is structured as follows. In Sec. II, we
introduce the classical Bianchi models, showing Bianchi I,
Bianchi II, and their solutions in different sets of variables
and different time coordinates. In Sec. III, we introduce the
formalism of DCREs, first presenting their general properties
and then showing the specific deformations that will be

used in later sections. In Sec. IV, we implement the chosen
deformations on the Bianchi type I model, showing how
cosmological singularities are removed and replaced with a
bounce and how this bounce can be interpreted as a new
type of Kasner transition. Then, in Sec. V, we go on to
deform the Bianchi type II model, showing how different
initial conditions give rise to various scenarios with a
different order for Kasner reflections or quantum bounces.
We conclude the paper with a summary and some final
remarks in Sec. VI.
We use natural units # = ¢ = 8zG = 1.

II. CLASSICAL BIANCHI MODELS

In this section, we briefly present the main different
descriptions used for the classical Bianchi models [26,27].
The line element for a generic Bianchi model is

dS2 = —Nz(t)dt2 —I—Aij(t)a)ia)j, (1)

where A is the lapse function encoding the freedom to
choose a time variable, @' are left-invariant one-forms
corresponding to the symmetry group of the model, and
A;; is a symmetric matrix encoding the spatial metric.

In many Bianchi models (so-called class A models), it is
possible to assume a diagonal form for A,;:

ai(t)y 0 0
0

0 a3r)

where a; are directional scale factors, and this form is
consistent with the equations of motion.

From the Lag'rangian L= '%‘ /—gR, whgre Ris the' Ricc%
scalar, one obtains the generic Hamiltonian for a Bianchi
model:

- Zj;ékajpjakpk
4aa,a;

H=N

ia%p%
(Z + a1a2a3U s (3)

where p; are the conjugate momenta to a; and the potential
U is linked to the three-dimensional scalar curvature and
depends only on a;. For example, in the case of Bianchi I
the potential is zero, while in the case of Bianchi II it
depends only on a3. The coordinate volume of spatial slices
(which we assume are compact) has also been normalized
to unity. The Hamiltonian is constrained to vanish.

The metric variables (a;,a,,a3) are not ideal for the
Hamiltonian formulation, as transpires from the compli-
cated Hamiltonian (3). Instead, the Bianchi models are
often studied in Misner variables, defined as [28]
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1
a :§log(a1a2a3),

1 aa,
=)

1 ap
_=——log| — 4
p-=5sioe(2) )
or, conversely,

a; =exp(a+f, + \/gﬂ_),
ay =exp(a+f, — \/§ﬂ_),
as = expla - 25.). (5)

It is clear how the variable a is related to the isotropic bulk,
while the variables . parametrize the anisotropies. With
these variables, the Hamiltonian for the Bianchi models
becomes

-+ 77,'2+ + 72

= N( 12¢3

-+eMU>, (6)

where 7, and 7, are the momenta conjugate to the
corresponding variables. Note how the Misner variables
render the kinetic term diagonal.

Still, even these variables are not useful for the defor-
mations that we want to implement later. Therefore, we
perform one more change of variables from a to the volume
v = a,aya; = e>*. Thanks to the canonical relation
n, = 3vr,, our final Hamiltonian is

mi +

3,
H _N<_é_1””v+ 50

+ vU) ~ 0. (7)

A. Bianchi I—The Kasner solution

Let us start with the Bianchi I model in metric variables.
The Hamiltonian is (3) with the potential U set to zero.
Then, the equations of motion in synchronous time ¢, i.e.,
for N/ = 1, are (using the constraint H = 0)

a;

a; = 2a,aya, (aip;i— aipj— aipr)
. Pi
pPi= _2a1alzag (aipi —ap;— akpk)7 (8)

with i # j # k in all equations. It is immediate to see that
the quantities C; = a;p, are constants of motion. Then the
solutions can be easily found:

a;(1) o« |t =1

S pit) =[5 (9)

where

2C;

hi=1—-—
C,+C, + Gy

(10)

and 7, is an integration constant. The k; are called Kasner
indices and obey the relations [29]

S k=1, (11)

where the first relation comes from the geometric properties
of the Bianchi models (and is, therefore, always valid)
while the second one comes from the Hamiltonian con-
straint and can be modified by the addition of matter or
other terms. If ordered, in vacuum the indices will be in the
ranges

—l<kg<0, O§k2<%, %gklsl. (12)

3 3 3
Note how one of the indices has to be negative; therefore,
the Kasner solution, identified by a set of three constant
indices obeying the relations (11) and in the expanding
phase t > t,, describes an empty anisotropic model where
lengths contract along one of the spatial directions and
expand along the other two, while the total volume v =
aya,as « |t —ty| grows linearly with time, with a singu-
larity v — 0 at 7 — ;. Conversely, in the contracting
branch t <1, the direction related to the negative
Kasner index will be expanding, the other two contracting,
and the total volume contracts linearly toward the singu-
larity v - O at t — ;.

A useful time variable is the harmonic time 7 defined by
the harmonic equation [lr = 0, which translates to the
lapse choice N' = v. The equations of motion and solutions
then greatly simplify:

1
a; = Eai(ci - C;—Cy),

1
PQZ_EPi(Ci—Cj—Ck)’ (13)
(14)

C,—Ci—C
a;(7) x exp <% T> ,

where a prime indicates a derivative with respect to = and
again i # j # k. In harmonic time 7z, the solutions are
simple exponential functions. From relation (10), we find
that

C;—C; = Cp = —k;(Cy + C, + C3); (15)

given the signs of the Kasner indices, it is clear how one
exponent will always have a different sign from the other
two, and we still have the same solutions with two
directions expanding (contracting) and the third one con-
tracting (expanding). The volume singularity has been
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moved to 7 = —oco (expanding solution) or to 7 = 400
(contracting solution).

Let us now consider Misner-like variables. Starting from
Eq. (7), we can use Hamilton’s equations and the constraint
‘H ~ 0 to obtain the equations of motion (in synchronous
time ¢ with A = 1):

3 3, #mi+at 3,

1):—571'1)1), ﬁvzzﬂ%+w—zﬂw
. T .
pr="0o  H=0. (16)

The anisotropy momenta are constants of motion.
Furthermore, from the first equation and the constraint
H~0 we can derive the Hubble parameter H and the
Friedmann equation:

sz(%ﬁy 7 _ Pa pzﬂ_ (17)
v

4 37 ¢ 1202

We can write the contribution from the anisotropies as an
effective energy density p,, equivalent to that of two free
massless scalar fields in an isotropic universe.

The solutions are then easily found to be

o) = milt = 1), s

”1}(0 =

). (19)

fu = P g senli = 1) log(ni ]t~ o

7, = const, (20)

where S, t,, and v; > 0 are integration constants; the

Hamiltonian constraint implies v, = % 7t +xt. We
again see the linear growth (or contraction) in the volume
with » — 0 at t = ¢;. By using the change of variables (5)
to go back to the directional scale factors, we can relate the

Kasner indices k; to the constants 7z :

lj: ., + \/gﬂ'_
SV
7y — 37
37 + a2
2,

3/t + 22

where + = sgn(7—1;) denotes whether we are in the
expanding or contracting branch.

When using harmonic time 7, once the constraint H = 0
has been implemented, the equations of motion and the
solutions for the volume and the anisotropies become

k1:

k2: Zl:

ky ==+ (21)

Q| = ] =

3 Ty

v = —577:1,1}2 = vcy, p. = o (22)
cT o T
v(7) x eI, pi(r) =Py +?T- (23)

The anisotropies behave linearly, and the volume is again
an exponential with a singularity at either 7 - —oo or
7 — +o0. The constant of motion c¢; = —%7[1/.1) satisfies
4¢? = 73 + 72 (and so |c;| = v)), but ¢| can have either
sign corresponding to an expanding or contracting solution.
In the (f,, f_) plane, the Bianchi I model is equivalent to a
free particle moving on a straight line and at constant speed
with respect to 7. In the following, we will use the name
particle universe when referring to the trajectory in the

(B-..5-) plane.

B. Bianchi II

Differently from Bianchi I, the Bianchi type Il model has
a nonzero potential. It is an exponentially steep wall in the
(f4.,B-) plane parallel to the f_ axis:

_exp(-84,)

2
443

U . (24)

The equations of motion and the Friedmann equation
(with A/ = 1) are then given by

; 3 ’ ) 3, =8
= 570, Ty =3 — (2 »
277 2 31}%
v
az_ =0, (25)
and
U
H? :'%. (26)

The momentum 7 _ is still a constant of motion, but, since
the potential depends on f., m, is not. Instead, a new
constant of motion appears:

Q, = 67,v + 7, = const. (27)

While there is no analytical solution in synchronous time ¢,
it is still possible to analyze the system and derive some
dynamical properties.

Given that the potential is so steep, it is relevant only
during a brief period of time when the solution is close to it.
Its effect is to reflect the particle universe off the wall, thus
connecting two Bianchi I Kasner solutions. Using the two
constants of motion z_ and €2, and relating the momenta to
the velocities /. o 7. in the Bianchi I approximation, it is
possible to derive the following reflection law [30]:
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sin(0; 4 6;) = 2(sin@; — sin ), (28)

where the initial angle 6; and final angle 6, of reflection
are measured with respect to the perpendicular to the wall,
i.e., with respect to a line parallel to the ., axis (see Fig. 2
for an example of this reflection).

This reflection becomes even more evident if we use the
harmonic time variable 7, which actually allows us to obtain
an analytical solution [27]. The equations of motion for
the volume v, the anisotropies f., and the nonconstant
momentum 7 become, respectively,

3
v = —Eﬂvvz,
T
/)]i - 6 ’
7 = 2vie 8, (29)

Then, the solutions are found by eliminating z, through the
Hamiltonian constraint:

o(z) = e7re, |2 = ) (30)
Uk

B () = %T + %log (—COSh(”kv(: - T"”) . (31)
7, (1) =75 + 2ug tanh (v (7 — 73)).s (32)

where 7, is the time when the reflection against the
potential wall happens and v; is related to the constants

71 as
-2
v = \/72 - ’% (33)

These analytical solutions for Bianchi II were derived
in [31]. They are defined only for real and positive v.

Because of the term e”+ in the solution for the volume
and the fact that |7 | > vy, the sign of 7 dictates whether
the solution is expanding or contracting. Figures 1 and 2
show the dynamics of the expanding Bianchi II solution
with respect to harmonic time 7z and the trajectory in the
(B4, p-) plane, respectively. It is evident how the solutions
consist of a smooth transition between two Kasner sol-
utions. It is also possible to see that the potential wall
prevents B, from becoming too negative. When using
metric variables, i.e., the three scale factors a;, a,, and a3,
the reflection law (28) becomes a map for the Kasner
indices [30]: The indices after the reflection (indicated with
primes) as functions of the indices before the reflection
(without primes) are

V(1)

-10 -5 N 5 10
STl
A | . P
. Seal
4 ~ .
4
4 _2 L
FIG. 1. The continuous red lines show the evolution of v (top)

and g, (bottom) as functions of 7 in the expanding Bianchi II
case, compared with two Bianchi I solutions (shown as dashed
blue and black lines).

051

-0.5

-15

FIG. 2. Trajectory of the classical Bianchi II model in the
(B..p_) plane. The vertical gray lines are lines of constant
potential, growing toward the left for smaller values of j .
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Y ki + 2k
1 — )
1 4 2ks
i  ky + 2k
2 ’
1 + 2k,
ks
ky = — . 34
3 1 + 2k; (34)

It is clear that the index k3 and one of the other two change
sign. Explicitly,

Uk Uk

L K= (35)

k - B
: 27 4 v

2w —

hence (both for an overall expanding and for an overall
contracting solution), the effect of the reflection is that the
direction a; goes from expanding to contracting, whereas
one of the other two directions that were previously
contracting is now expanding. In particular, in the expand-
ing case with 7, > 0 we have k3 > 0 and &} < 0, while in
the contracting case with 7. < 0 we have the opposite.
For later reference, it is useful to introduce the quantity r
corresponding the ratio between the two momenta:

r(r):”—+:1‘"—|—21/?2—1tanh 7 ?2—1(7—1,() ,
m_ 3 3
(36)

where 7 = 7 /@_. The ratio r corresponds to the cotangent
of the angle between the trajectory in the (B, /_) plane
and the positive branch of the . axis.

If we want to highlight the transition, we can define the
asymptotic values of r as

r_=r(t —» —00) =7 —2sgn(z_)4/ 7> — 3

ry =r(t —> +o0) = 7+ 2sgn(zw_)y | 7 —%. (37)

Then the relation (33), when expressed in terms of r,
corresponds to the following: For the expanding case,

F< s 0) or r>—@<0), (38)

V3 V3

while for the contracting case

r_<—%(f>0) or r_>%(ﬁ<0). (39)

These conditions ensure that the reflection off the potential
wall actually takes place. Indeed, it is possible to see that
the relevant equipotential line f,,, calculated as the value
of . that makes the anisotropic density p, defined in (17)

and the potential U in (24) comparable, grows monoton-

ically with the volume as S, « 10g(v§). This means that
the wall is moving right (toward greater values of ) in an
expanding universe and left in a contracting one. Then, the
condition (38) in the expanding case ensures that the
particle universe in the (f.,/_) plane is not moving too
fast toward the right to outrun the wall, while the condition
(39) in the contracting case is requiring that the particle
universe is moving fast enough toward the left to hit the
receding wall.

Finally, we can compute how the transition changes the
value of the ratio, i.e., express the reflection map in terms of
the asymptotic values of r. From r, = r_ + 4sgn(7_) X

/7 —1/3, we obtain

4 5
ry = gsgn(?)\/ r2+1 —37- (40)

These classical dynamics of the Bianchi I and Bianchi 1T
models will be used as comparison for their deformed
counterparts.

III. DEFORMED COMMUTATION RELATIONS

As mentioned in the introduction, DCRs are a simple
framework to implement on any Hamiltonian system
effects expected from more fundamental theories, such
as a minimal length or energy cutoffs [13]. We will start by
presenting the general properties of the DCRs and then
focus on the specific form that will be used in our study.

A. General properties

In various examples, it is known that quantum gravi-
tational effects can be introduced through the replacement
of trivial commutators with functions of a momentum
operator [20]

9. ] = if (P), (41)

where ¢ and p represent two generic conjugate quantum
operators. The requirement of satisfying Eq. (41) then
means that the action of the fundamental operators is
modified. It is easier to work in the momentum polari-
zation with wave functions y = y(p); then, there are two
main possible operatorial representations, depending on
which operator is modified: We can define

qy(p) =if(pw'(p).,  pw(p) = py(p), (42)

py(p) =g(p)w(p), (43)

where the function g is related to f through ¢~' = Jdp/
f(p). The equivalence between these two operatorial
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representations is still unclear and, although proven for
specific cases [20], seems to fail, in general. In any case, a
modified Schrodinger equation and an overall deformed
dynamics are obtained. Furthermore, there might be
additional structures (such as a minimal length as men-
tioned above) that require additional care.

The structure of DCRs becomes more interesting when
extended to higher spatial dimensions. In this case, the
main commutator is generalized to

[in’ ﬁj] = i5ijf(ﬁtot)7 (44)

where the function f must depend on the total momentum
pay =Y., p7 if we want to preserve rotational invariance
[22]. However, the Jacobi identities imply that the com-
mutator between different space directions cannot be zero
but must instead be

L BTy
[9:,9,) =i ;t”, (45)
tot

where an angular momentum operator J; i =4;Pj—4;Di
appears. Therefore, DCRs also introduce noncommutativ-
ity without requiring one to assume it independently.
However, note that with this construction it is not possible
to define the function g of the representation (43) in a
consistent way, and, therefore, only the representation (42)
where the position operator is modified is available (the
derivative is taken with respect to the corresponding
momentum component). Furthermore, since the commu-
tator (44) itself does not commute with the position
operators any more, the validity of some of the properties
that are commonly used in quantum mechanics is restricted.
For the purpose of this study, we are going to restrict
ourselves to the (semi)classical limit of DCRs, where the
modified commutators become modified Poisson brackets
and there are no issues with operator ordering. As we have
discussed in the Introduction, such an effectively classical
description is expected to capture the properties of very
semiclassical states that could describe an effectively
classical universe in such modified theories. This limit
can be defined consistently as a modified symplectic
structure [23] and has already been used in various contexts
in the past. The full quantum analysis remains as a future
project, but a first try with a different deformation affecting
only the anisotropies has already been attempted [32].

B. Cutoff algebra and Misner variables

As hinted above, we will use a deformed Poisson algebra
which implements a momentum cutoff for z,. When
implemented in isotropic cosmology, such an algebra
can reproduce dynamics similar to LQC and, in particular,
replace the classical singularities with a big bounce [19,20].

Following this past work, for the volume we write

{Uvﬂzf} = b(ﬂv) =V 1 _M%‘”%' (46)

This choice of b(x,) is singled out by the requirement that
in the isotropic setting it reproduces exactly the modified
Friedmann equation of effective LQC. Using the
Hamiltonian constraint, it is possible to work backward
and derive the required deformation from the modified
Friedmann equation, and the result is unique (up to a global
sign, which is fixed by consistency in the limit p, — 0).
This agreement is also evidenced by the fact that in the
quantum setting the eigenvalue g(p) in Eq. (43) for this
deformation is a trigonometric sine function, which would
make the modified momentum operator act in the same way
as in LQC [4]. Other functions have been studied that are
also able to remove singularities, but they result in
qualitatively different dynamics such as, e.g., an asymptotic
approach to an eternal Einstein-static phase [20,21].
Regarding the anisotropy variables, we assume

{Be.mi} =6, f(mer), Tiw = 15 + 72, (47)

where in analogy with (44) we impose that the deformation
depends on only the total momentum 7z, and

(7o) By = P_my)

Tiot

papy =" (48)

from self-consistency using the Jacobi identity. In this case,
we will keep the function f as generic as possible apart
from the assumptions that the deformation depends on only
momenta and that the rotational invariance [here, rotations
in the (f,,p_) plane] of the classical Bianchi I model is
maintained. When necessary for numerical calculations, we
will assume that f is of the same form as the function b
used for the volume.

IV. BOUNCING BIANCHI 1

Let us start by deforming the simple Bianchi I model.
Since the potential is zero and the momenta 7z, are
constants of motion, it is clear how the deformation
function f in (47) is also a constant of motion and will,
therefore, be just a constant rescaling.

Let us start by setting N' =1 and using synchronous
time ¢. The equations of motion and the Friedmann
equation get modified:

. 3

V= —zﬂvm/ 1 —un?,
. 3
7y =57/ 1 =i,

/}i _ 7o f(mr)

. 7y =0, (49)
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and

Hz:g_a<1_&>, (50)

Pu

where p, =3/ 442 is a critical density. This modified
Friedmann equation is of a very similar form to effective
Friedmann equations that have been derived for semi-
classical states in isotropic LQC with a free massless
scalar field [24], except that the matter density of the
scalar field is replaced by the effective energy density p,
associated to anisotropies.' The correction factor implies a
critical point in the dynamics where ¥ = 0 at p, = p,,, and
it is able to remove the singularity. Indeed, the solution for
the volume is

, U3 2
v(t) = vi4 [ (1= 19) +F’ U = 3 Uik (51)
1

The value v(#y) = vy constitutes an absolute minimum,
and the singularity is replaced by a bounce in the same
way as in isotropic LQC. Furthermore, it is trivial to see
how, in the limit p, — 0, p, - o0 and v — 0, and the
classical evolution is recovered.

The solution for the anisotropies is

pet) = e+ =L og (L) + 7). (s2)

As mentioned earlier, besides the modification to the
argument of the logarithm, the function f acts as a constant
rescaling. This will have interesting consequences later.

A. The bounce as a Kasner transition

An interesting description of the bouncing Bianchi I
model can be extrapolated from the dynamics in terms of
harmonic time 7.

The equations of motion for the volume and anisotropies
become

3 S
v = _77[121)2 1 _ﬂ%”%w ﬂ,:t = M. (53)
2 6
The solutions are then easily found as
o(e) = vpeosh(vye),  fae) =B + LT (s

6

Once again, the volume reaches the minimum vy at one
particular value of 7 (which we have chosen as z = 0), and
the singularity is removed. This bouncing Bianchi I model

'For clarity, we should point out that no similar effective
Friedmann equation exists for Bianchi I models in LQC [33].

(1)
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FIG. 3. The volume » as function of harmonic time 7 for the
bouncing Bianchi I model (red continuous line), compared with
the classical Bianchi II (blue dashed line) and Bianchi I (black
dotted line) models. Here, we have set 7_ = 1, 7, =2/ V3, and
n, = 3\/6—/7 ; the large value of the deformation parameter was
chosen to have the three expanding branches for 7 > 0 match,
highlighting the different smooth transitions.

can be interpreted as a smooth transition between two
classical Bianchi I solutions (23), one contracting and one
expanding, as evident from Fig. 3. Using the solution for
the volume, the Hamiltonian constraint and the relations
between 7., vy, and v, we can also express the cutoff
algebra function b in (46) in terms of time 7:

2(n3 + 72 v}
b(r)= \/1 —%: \/1 —U—gztanh(vl|r|). (55)

The function goes to zero at the bounce and approaches the
classical value b = 1 far away from it. We can also see that
the anisotropies are still linear, but the slope is modified by
the presence of the function f.

To understand the behavior of the Kasner indices around
the bounce, we can use a time-dependent notion of quasi-
Kasner indices as introduced in [34]:

a. v
ki(zr) === (56)
iU

(note that the definition is independent of the choice of time
coordinate), where we can recover the directional scale
factors through (5). We obtain

1
k](T):_+MsgnT’
3 3b(e)\/72 + A2
1 (”+_\/§”—)f
ky(7) = 5 + ———=—=—==">sgnr,
2(7) 3 3b(z)\/a%t + 2% s
1 2z f
ky(7) = = — ———F2—_sgnr, 57
N TN i 57)
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where the time dependence is apparent. Comparing asymp-
totic limits (where the volume behaves as simple exponen-
tials), we can find a relation between the (asymptotically
constant) Kasner indices before and after the bounce,
similarly to what we did for the classical Bianchi II case:

kK, = % —k;, (58)
where as before the primes indicate the indices after the
bounce. The same map was found by Wilson-Ewing in [25]
in the context of LQC. We also see that, while the quasi-
Kasner indices still sum to one by definition, the second
Kasner relation is modified compared to the standard
Bianchi I relation:

Zki(f)zzé% f . (59)

In particular, this sum, just as the individual k; themselves,
actually diverges as we approach the bounce; also, since
f # 1, in general, the relation is modified nontrivially even
in the asymptotic limit.

Changing the second Kasner relation changes the
allowed ranges of the indices. However, since b =1
everywhere except close to the bounce, in later sections
we will consider only the effects of the function f. For
small values of f, it is possible for all three indices to have
the same (positive) sign. On the other hand, for large values
of f, the indices can be much bigger than 1 in absolute
value, but at least one of them will still be negative. This
will have consequences when we consider the deformation
of the Bianchi II model, but the fact that the indices could
be all positive and of similar magnitude might also lead to a
possible isotropization effect: Notice that in the limit f — 0
we have k; — % a strictly isotropic geometry.

Even though the algebra (46) is related to isotropic LQC
in the sense that it gives a similar Friedmann equation in the
isotropic case, our treatment of anisotropies is different and
more general, given that we did not need to specify the
function f. In the case of Bianchi I, f acts as a constant
rescaling of the velocities /. relative to the conserved
momenta z, which means that Kasner-like solutions are
still obtained as soon as b ~ 1 away from the bounce, just
with potentially different values of k;. The interpretation of
a Bianchi I bounce as a new type of Kasner transition is,
hence, a generic property of this kind of scenarios, with
(58) a similarly general result.

B. The role of deformed anisotropies

We have seen how, in the case of Bianchi I, the function
f deforming the anisotropies is a constant and acts as a
simple multiplicative rescaling for the velocities /3 . It also
does not appear at all in the expression v(z) for the volume
as a function of harmonic time and so appears to have no

impact on the bouncing dynamics. However, the relation
v(z) is coordinate dependent and does not constitute an
observable. It is more meaningful to look at the behavior of
relational observables which express relations between
dynamical degrees of freedom [35,36].

In isotropic quantum cosmology, it is common to use a
free massless scalar field as an internal time variable [27].
In our model there is no matter, but as mentioned above the
two anisotropy variables in the Bianchi I model effectively
behave as free scalar fields. It is, therefore, natural to
choose one of them as internal time. This amounts to
choosing N = 6v/x, in the classical case and N =
6v/(z.f) in the deformed case.

In the classical case, the equations of motion for the
volume and the Friedmann equation become

dv 9, v?

E_ T+

(60)

and

2 2
(i ﬂ) =2 (61)
3v dﬁ:t U

respectively, where as usual the Hamiltonian constraint has
been used to eliminate 7, and obtain this last equation. As
expected, the right-hand side is a constant, and the solution
for v(f..) will be an exponential, similarly to what happens

in isotropic cosmology when using a scalar field.
However, when considering the deformed case, the

modified Friedmann equation turns out to be

(id_”)z _ T <1 _&) (62)
3vdfy 7 (Tor) Pu

Here, we can see both the correction coming from the
deformation of the volume, i.e., the factor 1 —p,/p, that
was present also when using other time variables, and the
correction due to the deformation of the anisotropies,
encoded by the presence of f? at the denominator.
Interestingly, while the former type of deformation is
relevant only close to the bounce, the fact that f is a
constant of motion means that it affects the dynamics across
the entire evolution. This could be seen as a curvature-
independent effect coming from quantum corrections,
which we will encounter again in the Bianchi II case.

V. DEFORMED BIANCHI II

We will now move on to the deformation of the Bianchi II
model. While it is impossible to derive full analytical
solutions, we can approximate the Bianchi II solution using
the general properties we derived for the undeformed
Bianchi II and deformed Bianchi I cases studied previously.
We will also use numerical integration to visualize particular
cases and obtain quantitative results related to the deforma-
tions we have introduced.
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A. Initial conditions and different scenarios

From the deformed equations of motion in synchronous
time, we obtain the modified Friedmann equation

)\ 2 U U
o (L) 2Pt (Pt YY g3
3v 3 Pu

We can see how the potential U of Bianchi II [introduced
in (24)] gets added to the total energy density also in the
correction factor.

Now, we have mentioned how in Bianchi II the potential
is negligible for most of the dynamics except when f, is
close to fya, i.e., when the anisotropy density p, is
comparable to the potential U. Similarly, the quantum
corrections responsible for the bounce are relevant only
when the total energy density is close to the critical value
Pu- Furthermore, it is safe to assume that these two
situations are not happening at the same time (except for
very specific initial conditions). Therefore, we can expect
the dynamics of the bouncing Bianchi II model to consist of
a series of Kasner solutions linked either by a reflection off
the wall or by a quantum bounce.

The order in which the different types of transition
happen will depend on the initial conditions. In particular,
considering the Kasner indices and the two maps (34)
and (58), in the case f =1 there are three possibilities.
Remembering that in a bounce scenario the universe is
initially globally contracting, the following can happen
(the superscripts here indicate the different values at
different times in the evolution).

(i) If the initial Kasner index k<30) is positive, then no
Kasner reflection happens before the quantum
bounce since the scale factor aj is contracting; then
after the bounce, when the universe is now expand-
ing, there will be a single Kasner reflection as in a
classical Bianchi I model.

(ii) If the initial value of k5 is —1/3 < kgo) <=2/7, a
Kasner reflection happens before the bounce since
a; is expanding; then after the reflection k3 becomes

2/3 < k) < 1, after the bounce —1/3 < k{”) <0,
and no other transition happens.
Gii) If -2/7 < kgo) < 0, a Kasner reflection happens

before the bounce; then after the reflection 0 < kgl) <

2/3, after the bounce 0 < kgz) < 2/3, and there will
be an additional Kasner reflection after the bounce

bringing the exponent back to —1/3 < kg3) < 0.
These results were also found in [25]; therefore, as in the
discussion above, these might be generic properties of
bouncing cosmologies.

In the case of undeformed anisotropies with f(z,) = 1,
and given that we assume we are far enough from the bounce
so we can take b = 1, the relationship between k3 and the
ratio r = z_ /7_ is the same as in classical Bianchi II; see, in
particular, (35). Hence, the three cases can be translated into

possible initial conditions for r. Remembering that the
universe is initially contracting, the potential wall goes
toward the left, and the bounce does not change the value of
r, we have the following.

() If initially #© > —1/y/3 (for 7~ > 0) or r¥ <
1/4/3 (for 7= < 0), the universe is not moving fast
enough toward the left to catch up to the wall, and,
therefore, there will be no Kasner reflection before
the bounce; however, after the bounce, when the
wall is moving toward the right, it is able to reach
the particle universe, and according to (40) (with the
plus sign for the expanding case) there will be a
single Kasner transition to r") > 1//3 or r(V) <
—1/+/3 (for positive or negative 7_, respectively),
the same as in the expanding case of classical
Bianchi II.

(i) If initially r© < —13/(3+/3) (for 7= > 0) or r(©) >
13/(3 \/§) (for 7Z < 0), the universe is able to reach
the wall and a Kasner transition happens before the
bounce; then, according to relation (40), we will

have () > 1//3 or ") < —1/4/3 (for positive or
negative 7_, respectively) and the universe will
continue expanding to infinity with a standard
Kasner solution.

(i) If initially —13/(3v/3) < ¥ < —1/4/3 (for 7~ > 0)
or 1/v/3 <9 < 13/(3/3) (for 7= < 0), the uni-
verse is able also here to reach the wall and to undergo
a Kasner reflection before the bounce, but then
—1/v/3 <) < 1/4/3, meaning that after the
bounce, when the universe starts expanding again
and the wall moves toward the right, there will be a
second Kasner reflection bringing r to r® > 1/1/3
or r¥ < —1/4/3 (for positive or negative 7_,
respectively).

Figure 4 shows two of the three scenarios (the first and
second ones are essentially the same but time reversed),
obtained through numerical integration, compared with the
bouncing Bianchi I in order to better visualize the Kasner

reflections.
Let us now consider deformed anisotropies with f # 1.

The limiting values for k5 that decide which scenario takes
place are not changed, because the Kasner map (34) is
unaffected; however, for f > 1 the allowed ranges for the
indices are much wider, according to the deformed second
Kasner relation (59). In particular, the indices can now be
large in absolute value, and the ranges for the three
scenarios become
@) kgo) > 0: only one Kasner reflection after the bounce;
(i) -2/7 < kgo) < 0: two Kasner reflections, one before
and one after the bounce; and
(iii) kgo) < —2/7: only one Kasner reflection before the
bounce.
The only difference is that the overall upper and lower
limits for Kasner indices are changed compared to the usual
values of 1 and —1/3, depending on what values f can take.
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FIG. 4. Evolution of the volume » as a function of harmonic
time 7 in the deformed Bianchi II model (red lines) for the case of
one reflection (top) or two (bottom), compared with the simple
bouncing Bianchi I (black dashed lines).

As mentioned above, in the numerical calculations we
used for the anisotropies the same cutoff algebra used for
the volume, which here takes the form

f(ro) =4/1 - /4/2}(”1 +x2). (64)
First of all, since we always have f < 1, the allowed upper
and lower limits for Kasner indices are closer to zero than in
the standard case. Furthermore, as we already know from
deforming the volume, this algebra implements a cutoff
for the total momentum, g, < 1/u;. Therefore, the two
momenta z, are bound to the circle of radius 1/ug,
meaning that for any given value of the constant 7_ (whose
absolute value is also constrained to be smaller than that
radius) there will be a bound on the allowed values of the
ratio r given by

1
Ty

1. (65)

7| < Fpax =

Finally, the function f also changes the relation between the
indices and the anisotropic momenta, as shown in Eq. (57).
All considered, to see how f affects the ranges of the initial

conditions on the ratio r, we have to rely on numerical
calculations. Using a specific choice for f such as (64), the
limiting values for k5 that decide how many reflections take
place can be translated into their corresponding values in r.
In any case, the saturation of condition (65) at r = =7,
implies f = 0, and, therefore, k3(£rp.,) = 1/3.

Here, we focus on two specific numerical examples.
First, we consider yz = 1/20 and 7_ = 1 > 0; then, we
have 7, = 19.975, and, recalling that 1/+/3 ~ 0.577 and
13/(3\/§) ~ 2.502, the three scenarios are

(1) —0.579 < rO < r0 OF —rpa < 7Y < —17.28:
only one Kasner reflection after the bounce;

(i) for either —17.28 < r¥ < —6.835 or —2.717 <
r® < —0.579, we have two Kasner reflections,
one before and one after the bounce; and

(ii)) —6.835 < r® < —2.717: only one Kasner reflec-
tion before the bounce.

It is evident how the values 0.579 and 2.717 are deforma-

tions of 1/+/3 and 13/(3+/3), respectively. However, we see

that new intervals appear: The condition kg()) > 0 that results
in only one reflection after the bounce is satisfied not just for
r0 > —1 / /3, but also for a small interval near the negative
lower limit for r. The new limiting value —6.835 appears
because the smaller the function f'is, i.e., the bigger uj is, the
closer the function k5 (r) will flatten toward the value of 1/3
(as mentioned above, when f is exactly zero, all indices will
flatten to this value), and, therefore, it will be harder and
harder to achieve the negative values necessary for that
scenario. Indeed, let us show a second example with a bigger
value for the deformation parameter. For u; = 1/10, we
have r,, = 9.950 and

() —0.583 < r0 < or —rp, < < —8.583:

only one Kasner reflection after the bounce;

(i) —8.583 < r» < —0.583: two Kasner reflections,

one before and one after the bounce; and

(iii) there are no values of (%) such that the third scenario

with only one Kasner reflection before the bounce

happens.
Again, we have a new small interval near the lower bound
which has the same properties as the bigger interval that is
the deformation of r > —1/ v/3; however, now the value of
f is so small that it is not possible to obtain k;o) < =2/17.
Figure 5 shows the relevant Kasner index as a function of the
ratio between momenta in the case of these two numerical
examples, to better visualize the various ranges for r and
show how to obtain them from the limits on k5. Besides
showing the different values of 7, it is clear how in the
case pg = 1/20 the function does intersect (and go below)
the value —2/7, while in the case uz; = 1/10 it does not,
being more flattened toward 1/3.

The appearance of smaller intervals close to the opposite
lower or upper limit is indeed due to the fact that, when r is
near 7., the function f gets close to zero. This is similar
to what happens with lattices where quantities acquire some
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FIG. 5. The deformed Kasner index k3 (red continuous line) as
a function of the ratio r in the two cases of y5 = 1/20 (top) and
up = 1/10 (bottom), compared with the corresponding classical
function (black dashed lines). The thin gray horizontal lines
correspond to the values 1, 1/3, —2/7, and —1/3. Notice, in
particular, that the values k3 < —2/7 needed to have only one
reflection before the bounce are obtained only for a small range of
r values (top) or not reached at all (bottom).

periodic properties and there are additional low-energy
excitations at large momentum. This again suggests that the
cutoff algebra we have implemented for the volume and
anisotropies might be related to some type of lattice
quantization of gravity.

B. Anisotropy time

As in the case of Bianchi I, it is insightful to convert the
Friedmann equation from synchronous time (63) to a
relational notion of time, in order to characterize observ-
ables of the system. Again, the obvious candidate for such a
clock is given by anisotropy variables f.. However,
differently from the Bianchi I case, in a Bianchi II model
the two anisotropies are not on the same footing any more:
Given the Kasner reflection off of the potential wall, it is
clear that the variable , is not monotonic with respect to
either ¢ or 7. Therefore, in this case, it is better to use f_,
which is still monotonic, although slightly modified by the
presence of f (which depends on time through 7, ) and by
noncommutative effects.

In a classical Bianchi II model, the corresponding
Friedmann equation is

L dv\? gy +120°0
wap) T 2 (66)
In the deformed case, instead we have
e )
3 dﬂ_ (ﬂ—f(ﬂtot) + ﬂtotf/(”tot)«] /’%)

where again we see both the LQC-like correction coming
from the volume deformation and the correction at the
denominator coming from f () # 1. This is in contrast to
the Friedmann equation in synchronous time where f does
not appear, again in analogy with what we had found for
Bianchi I [cf. Eq. (62)].

VI. CONCLUSIONS

We have studied a modification of the classical Bianchi I
and Bianchi I models in vacuum, obtained from deforming
the Poisson brackets between Misner-like metric compo-
nents and their respective momenta. For the volume, our
deformation was fixed by requiring it to reproduce a
bounce similar to the one seen in isotropic LQC, and we
did indeed find such a bounce also in the anisotropic case. It
seems to be a natural minimal requirement to ask that
isotropic cosmology arises as a special case of anisotropic
cosmology, and one would expect this to be true in any
putative theory of quantum gravity. Conversely, this also
means that the deformation introduced for anisotropic
degrees of freedom, here represented by the Misner
variables f,, is not fixed by any fundamental principle
in our approach. In much of the analysis, this deformation
was left as a free function f which enters directly in the
effective Friedmann equation. We saw that this deforma-
tion, which acts as a simple constant or (smoothly) piece-
wise constant rescaling, remains relevant at late times and
low energies in the postbounce phase even though its origin
is assumed in the quantum realm. This might help in
constraining some forms through observations.

Our approach is a general framework in which different
types of potential quantum effects could be included. In
the more specific case where the anisotropy variables are
deformed by using the same cutoff algebra used for the
volume, we found indications that this algebra mimics the
effects of a discretization of these variables, similar to
the discretization of the volume used in LQC. Noting that
this specific feature is different from a minimal length or
volume approach, it would be very interesting to see
whether such a “discrete anisotropy” can be related to a
quantum gravity model. One advantage in our approach is
that effective dynamical equations and Friedmann equa-
tions are obtained straightforwardly, which can be con-
trasted, e.g., with the rather complicated form of Bianchi
models in LQC. Some features of the deformed Bianchi II
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model, such as reflection laws for the Kasner coefficients
and the existence of different solutions in which either one
or two Kasner reflections occur, were found to be in
agreement with LQC, again pointing toward a general
applicability of the approach used here.

An interesting extension of our work would be to the
Bianchi IX model, which plays the particularly important
role of representing the generic approach to spacelike
singularities in general relativity. Some preliminary work
on DCRs in the Bianchi IX model has been done based on
deforming the anisotropy variables alone [37,38], i.e.,
without including a deformation that would cause a
bounce. Including also the volume deformation would
make this another test case for the study of more compli-
cated or realistic bouncing cosmologies.

It would also be interesting to investigate a possible
connection of the DCR approach to settings in which
quantum effects arise from particular features of the
quantization. For instance, resolution of singularities in
a Bianchi I model can also be achieved in affine quan-
tization [39,40], which effectively leads to additional
terms in the Hamiltonian. It seems plausible that such

effects could also be mimicked via DCRs, further extend-
ing their applicability.

Regarding possible connection with observations, it
might also be interesting to compute how a primordial
power spectrum of perturbations (e.g., within inflation)
might be modified by a deformed background containing
not just a LQC-like bounce, but also deformed anisotropies.
Such calculations could be compared with power spectra
derived from both standard Bianchi models [41] and
bouncing isotropic models [42].
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